The timing of the diversification of placental mammals relative to the Cretaceous-Paleogene (KPg) boundary mass extinction remains highly controversial. In particular, there have been seemingly irreconcilable differences in the dating of the early placental radiation not only between fossil-based and molecular datasets but also among molecular datasets. To help resolve this discrepancy, we performed genome-scale analyses using 4,388 loci from 90 taxa, including representatives of all extant placental orders and transcriptome data from flying lemurs (Dermoptera) and pangolins (Pholidota). Depending on the gene partitioning scheme, molecular clock model, and genic deviation from molecular clock assumptions, extensive sensitivity analyses recovered widely varying diversification scenarios for placental mammals from a given gene set, ranging from a deep Cretaceous origin and diversification to a scenario spanning the KPg boundary, suggesting that the use of suboptimal molecular clock markers and methodologies is a major cause of controversies regarding placental diversification timing. We demonstrate that reconciliation between molecular and paleontological estimates of placental divergence times can be achieved using the appropriate clock model and gene partitioning scheme while accounting for the degree to which individual genes violate molecular clock assumptions. A birth-death-shift analysis suggests that placental mammals underwent a continuous radiation across the KPg boundary without apparent interruption by the mass extinction, paralleling a genus-level radiation of multituberculates and ecomorphological diversification of both multituberculates and therians. These findings suggest that the KPg catastrophe evidently played a limited role in placental diversification, which, instead, was likely a delayed response to the slightly earlier radiation of angiosperms. molecular clock | data partitioning | species tree estimation | placental diversification timing | trans-KPg model M ammalian evolution has been intensively studied and is relatively well understood compared with the evolution of other animal clades (1-6). Despite significant recent progress, however, fundamental aspects of the pattern and timing of mammalian diversification remain vigorously debated (1-7). One highly controversial issue is whether the diversification of placental mammals took place before or after the Cretaceous-Paleogene (KPg) boundary (∼66 Ma), which marked the extinction of nonavian dinosaurs and many other Mesozoic vertebrates (8-16). Three main models have been proposed to characterize the evolutionary history of placental crown groups. The explosive model puts both the origin and intraordinal diversification of Placentalia shortly after the KPg boundary (13). By contrast, the long-fuse model posits a Cretaceous origin of Placentalia with intraordinal diversification shortly after the KPg boundary, and the short-fuse model places the origin and intraordinal diversification of Placentalia in the Cretaceous (13). Paleontological evidence supports the explosive model, because all modern lineages of crown-group placentals first appear in the fossil record after the KPg boundary (15, 16). Molecular analyses, in contrast, provide almost unanimous support for a pre-KPg origin of Placentalia, although they disagree on the timing of intraordinal diversification relative to the KPg boundary (3, 5, (8) (9) (10) . The resolution of the discrepancy between molecular and fossil evidence has remained one of the most crucial issues in mammalian evolutionary research, because
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Significance
We produced a genome-scale dataset from representatives of all placental mammal orders to infer diversification timing relative to the Cretaceous-Paleogene (KPg) boundary. Our sensitivity analyses show that divergence time estimates within placentals are considerably biased by the specific way in which a given dataset is processed. We examined the performance of various dating approaches using a comprehensive scheme of likelihood analyses and computational simulations, allowing us to identify the optimal molecular clock parameters, gene sets, and gene partitioning schemes for reliable dating. Based on the optimal methodology, we present a hypothesis of mammalian divergence timing that is more consistent with the fossil record than previous molecular clock reconstructions, suggesting that placental mammals underwent a continuous radiation across the KPg boundary.
the severity of the end-Cretaceous mass extinction implies that pre-KPg and post-KPg diversification events would have taken place in radically different ecological contexts.
Successful molecular dating of divergence events depends on various factors, the most critical of which are a rigorous set of fossil calibration points, a reliable phylogenetic topology, and rigorous application of molecular clock methodologies (17, 18) . However, fossil calibrations used previously have varied in both number and quality (19, 20) , and several important features of the mammalian phylogenetic tree remain unresolved despite considerable recent effort (1) (2) (3) (4) (21) (22) (23) (24) (25) (26) . In addition, there has been limited assessment of the impact of different analytical parameters and clock models on dating estimates.
In this study, we applied multiple analytical strategies to a genome-scale dataset to resolve the placental mammalian tree. We calibrated the optimal tree recovered with 21 conservatively selected fossil constraints. To achieve reliable dating, we scrutinized molecular clock methodologies in detail, showing that gene partitioning schemes, clock models, and genic deviation from the assumptions of a molecular clock have a pronounced impact on dating placental divergence. Although we know that fossils are more important than extensive sequence data in achieving reliable dates (27) , our large dataset allowed us to extensively explore the effect of diverse signals in the subsamples of our data on dating estimates. Our results suggest resolution of some major controversies in the mammalian tree and a hypothesis of placental diversification, termed the "trans-KPg model," which uniquely envisions the rise of placental orders as an uninterrupted radiation across the KPg boundary.
Results
A Placental Tree Based on Genome-Wide Data. We collected genomescale DNA sequence data for 4,388 genes across 82 mammalian species, including transcriptome data from flying lemurs (Dermoptera) and pangolins (Pholidota). Our taxon sampling includes all 20 traditionally recognized extant placental orders, as well as eight nonmammalian outgroup vertebrates (Dataset S1). Gene length averaged 2,972 bp (ranging from 500-7,995 bp), and the total aligned length of our concatenated data amounted to 13,040,111 bp. Each of the 4,388 alignments contains 81-90 species. The proportion of missing genes across the 90 taxa ranges from 0 to 15.7%, with an average of 4.17% (Datasets S2-S5). Recent phylogenomic research affirms a crucial role for amonglineage base compositional variation in achieving congruent results (28) . In particular, the third codon position (C3) is characterized by strong base compositional bias and high substitution rates, and differs substantially in phylogenetic signal from the first and second codon positions (C12) (28) . To address this issue, we divided our sequence data into three partitions: (i) C12, (ii) C3, and (iii) complete coding sequences (CDSs). For construction of species trees, we applied two coalescence methods, species tree estimation using average ranks of coalescence (STAR) and the neighborjoining method for reconstructing unrooted species tree (NJst) (29, 30) , which have been shown to be more robust than concatenation to the combined effects of incomplete lineage sorting and long-branch attraction (31) , as well as a concatenation method as implemented in RAxML (32) .
The two coalescence methods disagreed only in the positions of two nodes for C3, with neither set of alternative placements receiving high branch support (SI Appendix, Figs. S1-S4). Hence, we report only the STAR results below and refer to them simply as coalescence results. Regarding interrelationships among placental orders, coalescence results are much more congruent across the three codon partitions than concatenation results (SI Appendix, Figs. S3-S6). The C12 and CDS coalescence trees for placentals are identical at the interordinal level, whereas the C3 tree is divergent only in placing tenrecs as sister to all other Afrotheria rather than embedded within them [bootstrap percentage (BP) = 100; SI Appendix, Figs. S3 and S4] .
The concatenation trees, by contrast, differ substantially from each other and from the coalescence trees. In concatenation trees, tenrecs are consistently placed as sister to golden moles (BP = 100), while the aardvark is placed basally within Afroinsectiphilia (BP = 100; SI Appendix, Figs. S5 and S6). Hyraxes and elephants are sister taxa in the concatenation trees (BP = 100 for C12, BP = 99 for CDS, and BP = 70 for C3), whereas elephants and sirenians are sister taxa in the coalescence trees (BP = 100; SI Appendix, Figs. S3-S6 ). The C12 and CDS concatenation trees recover Afrotheria as the most basal placentals (BP = 85 for C12, BP = 83 for CDS; SI Appendix, Fig. S6 ), whereas the C3 concatenation tree recovers a monophyletic Atlantogenata (Afrotheria + Xenarthra) in this position (BP = 100; SI Appendix, Fig. S5 ). Finally, Chiroptera are placed as sister to Cetartiodactyla in CDS (BP = 89) and C3 (BP = 97) concatenation trees, but in an alternative, relatively basal position within Laurasiatheria in the C12 concatenation tree (BP = 86; SI Appendix, Figs. S5 and S6).
Our results show that coalescence analysis generated nearly uniform results when applied to C12, C3, and CDS partitions, whereas concatenation analyses were affected by conflicting topologies pertaining to key placental nodes (e.g., root of placentals and relationships within Laurasiatheria), suggesting that coalescence methods are able to yield a more stable and consistent resolution of the placental tree than concatenation (2, 31) . In addition, when comparing the performance of codon partitions, C3 yielded unusual topological arrangements in outgroup clades that were difficult to reconcile with basic biological insights (e.g., the coelacanth placement). For outgroup taxa, coalescence and concatenation methods both generated variable topologies across different codon partitions (SI Appendix, Figs. S3-S6). The C3 partition is particularly unusual in that coalescence analysis recovered a coelacanth-anuran clade as sister to Reptilia, whereas concatenation recovered coelacanths as closer to amniotes than anurans (SI Appendix, Figs. S3-S6), suggesting that C3 contained an unreliable phylogenetic signal at the level of outgroup relationships. In contrast, C12 produced expected branching patterns with regard to these well-understood outgroup taxa. When codons were analyzed unpartitioned (i.e., CDS), results were largely intermediate between C12 and C3. These results indicate that C12 contained the most reliable signal in our genomic dataset, suggesting that coalescence analysis of C12 represents an optimal approach to resolving placental phylogeny. Hence, we consider the C12 coalescence tree the most reliable topology obtained in our analyses ( Fig. 1 and SI Appendix, Fig. S3A ).
Our coalescence tree supports and further refines a large body of previous phylogenetic work on placental phylogeny (2, 3, 6, 11, 21, 33) ( Fig. 1 and SI Appendix, Fig. S3A ). For instance, regarding the controversial basal arrangement of placentals, our analysis lends full support to a previous proposal to group Afrotheria and Xenarthra into Atlantogenata, which, in turn, is sister to the remaining placentals (Laurasiatheria) (2, 7, 21) . Interestingly, tree shrews, which are found to be most closely related to primates by some previous phylogenomic studies (2, 33) , emerge as the sister of lagomorphs and rodents in our coalescence tree (BP = 100; SI Appendix, Fig. S3A ). Similarly, perissodactyls are retrieved as the sister clade to cetartiodactyls with full support in our study, whereas previous phylogenomic work has aligned them closer to carnivores with high support (BP > 90) (2, 33) .
Dating the Mammalian Tree. Our dating analysis was performed using MCMCTree (34-36) with 21 conservatively selected fossil calibrations. Compared with two major previous studies on mammalian evolution (3, 5) , our set of fossil calibrations was older, on average, and more evenly distributed across time (SI Appendix, Fig. S7 ). Analyses were performed using the C12 dataset on the C12 STAR tree, our most robust topology. We removed 521 genes from dating analysis either because their sequences were absent for two outgroup taxa (zebrafish and stickleback) or because they compromised MCMCTree computations. As a result, a total of 3,867 genes were retained for dating analysis.
Previous applications of molecular clocks suggest that dating analyses may be prone to a host of biases (37, 38). Therefore, we rigorously examined our sequence data using a range of analytical and subsampling schemes to detect potential biases (39) . First, to examine the effects of genic deviation from the assumptions of a molecular clock, we devised a parameter to quantify the degree of violation of a molecular clock (DVMC) based on the SD of branch lengths for each gene tree. We divided all 3,867 genes into five quintiles from the lowest to highest DVMC, with each quintile containing 773/774 genes. Bayesian analyses of such large gene sets became computationally intractable on our large taxon set. Therefore, and additionally to examine the effects of stochastic subsampling of genes and gene partitioning schemes (39), we sampled three random gene sets of 60, 100, and 200 genes, respectively, for each quintile, resulting in nine gene sets per quintile. Each gene set was then subjected to five partitioning schemes: a single partition (p1), 5 partitions (p5), 10 partitions (p10), 20 partitions (p20), and every gene as a separate partition (p60, p100, and p200, respectively). All p5 partitions contained the same number of genes within a gene set, as did all p10 and p20 partitions. Lastly, each gene set was analyzed using both the autocorrelated rates model (ACRM) and the independent rates model (IRM) to account for model-related differences in dating estimates (40, 41) . Loci across the five Fig. S8 ), although loci with the lowest deviation from molecular clock assumptions (i.e., those in quintile 1) had a somewhat lower average proportion of variable sites (∼0.416) than loci from the other four quintiles (0.482-0.528). In addition, loci from quintile 1 exhibited a smaller variance in the proportion of variable sites across loci compared with loci from the other four quintiles (SI Appendix, Fig. S8 ), suggesting that the loci in quintile 1 are characterized by the lowest degree of heterogeneity in absolute branch lengths of gene trees.
Reassuringly, random subsampling of all 3,867 genes had no significant impact on the dating of divergence events both within and among resampled sets of 60, 100, and 200 genes (SI Appendix, Fig. S9 ). Therefore, all subsequent results are reported on the basis of the 200-gene sets. When comparing results across partitioning schemes ranging from p1 to p200, average estimates of placental node ages appeared to increase with an increased number of gene partitions under the ACRM ( Fig. 2A and SI Appendix, Fig. S10 ). In contrast, under the IRM, average divergence estimates were generally reduced by an increased number of gene partitions ( Fig. 2A  and SI Appendix, Fig. S11 ). When examining the effects of DVMC on molecular dating, we found that genes with a lower DVMC generally yielded younger nodal estimates across placentals than genes with a greater violation of the clock. This trend held true for both the ACRM and IRM (Fig. 2B and SI Appendix, Figs. S10 and S11).
To examine the effects of alternative topologies on dating, we used one 200-gene set from the first quintile across all five partitioning schemes to perform analyses based on the topology of the C12 concatenation tree. This tree differs from the C12 coalescence tree in arrangements at the placental root and within Afrotheria. Because one of our 21 calibrations related to a node (i.e., Tethytheria) that had not been retrieved by this concatenation tree, we reduced the number of calibrations to 20. The results showed minor differences in nodal dating compared with those estimated from the coalescence tree, further strengthening confidence in the timing of placental diversification as revealed by our study (SI Appendix, Fig. S12) .
None of our dating results supported the explosive model of placental diversification (SI Appendix, Figs. S10 and S11). Generally, we found that the short-fuse model was supported by 10% of our analytical combinations (i.e., those in which the ACRM was applied on single-gene partitions under all DVMC levels), whereas dating estimates from gene sets with high DVMC levels under the IRM (using p1 and p5), which accounted for 8% of our analytical combinations, were roughly consistent with the long-fuse model. The remaining 82% of combinations of gene partitions and DVMC levels under both the ACRM and IRM are generally consistent with a model of diversification that we termed the trans-KPg model of placental diversification (SI Appendix, Figs. S10 and S11). These results indicate that clock models, partitioning schemes, and DVMC levels strongly influence dating outcomes, and suggest that an evaluation of these parameters is an important part of accurate dating of placental diversification (28) .
Assessment of Molecular Clock Models. Our data indicate that partitioning schemes and DVMC classes can considerably affect dating estimates, and that this impact can be different across partitioning schemes depending on which clock model is chosen. Hence, we examined the likelihood space between the two models under different partitioning schemes and DVMC classes to determine which model is more appropriate for dating placental divergence.
We first calculated Bayes factors (BFs) based on the loglikelihood values produced by MCMCTree across partitioning schemes and DVMC classes. Because the method uses approximate likelihood scores that are comparable only across the same data types, we compared likelihood scores and BFs between the IRM and ACRM only across equal partitioning schemes with the same data. The BF analyses strongly favor the IRM over the ACRM for all partitioning schemes and DVMC classes, except for p1 (SI Appendix, Table S1 ). The calculation of BFs is based on the harmonic mean of the difference of marginal likelihoods of the two models, which has a wide variance. Therefore, even though the two models seem to perform similarly under p1, we cannot rule out that one model still outperforms the other. When plotting loglikelihood scores across iterations for each model under different partitioning schemes and DVMC quintiles, we again found that the IRM outperforms the ACRM, except for p1 (SI Appendix, Fig.  S13 ). For all partitions other than p1, the magnitude of the BF favoring the IRM makes it unlikely that other methods for assessing BFs, such as thermodynamic integration (42) , would yield a different result.
To compare the IRM and ACRM further, we used simulations to assess goodness of fit of the two models to empirical data. We simulated gene trees under both models, and compared the distributions of average branch lengths across simulated gene trees with the distribution of average branch lengths estimated from the empirical data. The results show that across partitioning schemes and DVMC classes, the IRM consistently generates branch lengths that closely correspond to those derived from the empirical data, whereas the ACRM produces branch lengths that considerably deviate from the empirical values and exhibit a much wider variance ( Fig. 3 and SI Appendix, Fig. S14 ). In summary, our simulations, BFs, and likelihood-based analyses consistently support the conclusion that the IRM is preferable over the ACRM in dating placental divergence.
Selection of Optimal Partitioning Schemes and DVMC Classes. We carried out simulations to assess the impact of DVMC and gene partitioning scheme on the reliability of dating estimates under the IRM. We simulated DNA sequence data from two time trees estimated from the empirical 200-gene sets that deviated strongly from one another in their implications for ordinal divergences, with one reflecting the youngest estimates for placental divergence estimated from the 200-gene sets under the IRM, a scenario akin to a trans-KPg radiation of placentals ("shallow tree"), and the other reflecting the oldest estimates, which are roughly consistent with a long-fuse model ("deep tree"). To examine the effects of DVMC levels on dating estimates, sequence data were simulated from each of the two time trees under the IRM with (i) no deviation from molecular clock assumptions, (ii), a baseline level of DVMC (based on the rate variance σ 2 corresponding to each of the two time trees), (iii) a high level of DVMC (based on an increase of 1 in the rate variance σ 2 from baseline-DVMC simulations), and (iv) an intermediate level of DVMC (based on an increase of 0.5 in the rate variance σ 2 from baseline-DVMC simulations). We simulated three replicates for each combination of DVMC classes and the two time trees. Our simulations show that an increased number of gene partitions under deviation from molecular clock assumptions leads to a reduction of estimation error in divergence dating, with the best outcomes under single-gene partitions. Conversely, arrangements in which all genes are united into one partition invariably produce the poorest estimates (SI Appendix, Fig. S15 ). These analyses also indicate that genic deviation from the assumptions of a molecular clock have a considerable impact on dating outcomes, because the estimation error is positively correlated with rising values of DVMC (SI Appendix, Fig. S15 ). In contrast, scenarios with no deviation from molecular clock assumptions consistently yield the least amount of estimation error regardless of data partitioning scheme, with a single exception relating to an elevated estimation error in the shallow tree when all loci are combined into a single partition (SI Appendix, Fig. S15 ).
Lineage-Through-Time Analysis. We applied the birth-death-shift model of Stadler (43) to assess the importance of the KPg boundary extinction event on the diversification pattern of placental mammals. We ran the maximum likelihood method implemented in the R package TreePar (43) , fitting the optimal time tree (Results) to models with no, one, two, and three rate shifts multiple times and estimating rates in a grid of 0.1-My steps between 2 and 200 Ma (43) . Using a likelihood ratio test, the models with no shift and one shift in diversification rate were rejected (P < 0.05; SI Appendix, Table S2 ), but a model with two shifts in diversification rate was not (P > 0.05; SI Appendix, Table S2 ). Thus, the likelihood ratio test favors a model with two shifts in diversification rate occurring at 54 Ma (slowdown in diversification rate) and 88 Ma (increase in rate) (SI Appendix, Table S3 ), but not around the KPg boundary extinction event at ∼66 Ma (Fig. 4) . Additionally, our analysis suggests a fairly constant rate of lineage turnover in our dataset (Fig. 4B) .
Discussion
The coalescent tree based on the first and second codon positions (C12) provides strong resolution of a number of mammalian relationships that have long been controversial (7) (Fig. 1  and SI Appendix, Fig. S3A ), and refines an earlier analysis based on less than 10% of the number of loci used in this study (2) . It furnishes strong support for a basal division of placentals into Atlantogenata (Afrotheria and Xenarthra) and Boreoeutheria (Euarchontoglires and Laurasiatheria), and suggests many previously uncertain relationships within Laurasiatheria, Euarchontoglires, and Afrotheria (2, 21) . Placement of Dermoptera as sister to primates, and Scandentia as sister to Glires, agrees with some previous phylogenetic proposals, but removes scandentians from their long-standing position as close primate precursors (1) . The analysis upholds the monophyly of ungulates, which has been controversial, and posits a monophyletic Ferae (a clade uniting pangolins with carnivores) followed by Chiroptera as successive sister taxa to Ungulata. Previous studies that have, like the present analysis, found Afrotheria to be divided into Paenungulata and Afroinsectiphilia have tended to disagree on the internal topologies of major afrotherian clades (1, 3, 44, 45) . Our results establish Tethytheria (a clade uniting elephants with manatees) as a monophyletic group within Paenungulata, hinting at a possible semiaquatic common ancestry for elephants and sirenians (46) . Within Afroinsectiphilia, the fossorial Tubulidentata (aardvarks) and Chrysochloridae (golden moles) are recovered as sister taxa, with elephant shrews and tenrecs as successive outgroups. Exploring the impact of more complex substitution models and using noncoding markers on mammalian phylogenies are possible avenues for future work in mammalian phylogenetics (47) . Additionally, the coalescent and subsampling methods we use here, while powerful and able to handle large datasets, are ultimately less accurate than a fully Bayesian approach (48); thus, improving Bayesian analyses to handle large datasets must be a priority for phylogenomics.
Timing of Placental Divergence and the Trans-KPg Model. One of the greatest controversies surrounding the evolution of placental mammals relates to timing, especially with respect to the KPg extinction event (8, (12) (13) (14) . This controversy appears to be obstinately irreconcilable, because previous molecular clock studies have consistently produced results at odds with one another and with fossil evidence (3-6, 9-11, 15, 16) . In this study, we demonstrate that this controversy stems at least partly from the use of suboptimal molecular clock methodologies. Results estimated from our empirical gene sets encompassed widely divergent timing scenarios ranging from a deep Cretaceous diversification of placental orders to one that spans the KPg boundary, depending on a combination of clock models, gene partitioning schemes, and DVMC classes (Fig. 2 and SI Appendix, Figs. S10 and S11 ). This wide range in timing estimates mirrors the discordant results of prior molecular clock studies and their underlying variability in analytical models and parameters. Our sensitivity analyses demonstrate that in dating estimates, the IRM outperforms the ACRM based on a comprehensive comparison using BFs, log-likelihood scores, and the empirical fit of simulated branch length distributions of gene trees (Fig. 3 , SI Appendix, Figs. S13 and S14, and Dataset S2). As a consequence, we recommend IRM-based analyses as the most robust methodology in dating placental divergence events when using MCMCTree (34) . Furthermore, we performed simulations to assess the impact of partitioning schemes and DVMC classes on dating estimates, demonstrating that genes with a lower level of DVMC produce more reliable dating estimates than genes that strongly depart from molecular clock assumptions (SI Appendix, Fig. S15 ). When applying the IRM, our analyses also underscore the importance of treating each gene as a separate partition, while attesting to poor performance using schemes that unite multiple genes into a single partition (SI Appendix, Fig. S15 ). These analyses suggest that the best dating outcome for placental mammals is produced by the application of an IRM with singlegene partitions based on genes with the lowest DVMC (Fig. 5A  and SI Appendix, Fig. S11 ).
Our study presents a robust dating estimate for placental divergence that is rigorously tested using genome-scale sequence data. Although we know that accurate fossil calibration is more important for dating than more sequence data (27) , our large dataset nonetheless allowed us to subsample our data and conduct extensive sensitivity analyses, which would not have been possible with a smaller dataset. Additionally, by examining the effect of variation in rates among genes and lineages on our dating estimates, with both empirical analyses and simulations, we show that relaxed clock methods are sensitive to rate variation among genes and lineages, and that the extent of clocklike evolution of the genes used for analysis can influence the results. Although our dating analysis did not incorporate uncertainty in the phylogenetic placement of fossils (49-51), we did scrutinize our fossils extensively and used only those with firm identifications and phylogenetic affinities.
Our dating estimates differ substantially from previous molecular clock-based estimates (Fig. 5) ; however, in many aspects, they are more congruent with the fossil record, significantly reducing, if not completely aligning, long-standing discrepancies in molecular and fossil dating (Figs. 1 and 5 ). In positing early Cenozoic origins for around half of placental orders, combined with intraordinal diversification taking place after the KPg boundary, our results do not correspond to any of the three existing models (long-fuse, short-fuse, and explosive) of placental diversification as originally defined (13); instead, they suggest a trans-KPg model: The diversification of placental orders began in the Late Cretaceous (∼75.2 Ma), continued without apparent interruption across the KPg boundary, and ended in the early Cenozoic (∼55.3 Ma), while intraordinal diversification followed rapidly in the early Cenozoic (Figs. 1 and 5 ). Our lineage-through-time analysis, which is consistent with analyses of previous studies (43) , corroborated a lack of noticeable diversification rate shifts around the KPg boundary, further cementing a picture of early placental diversification in which the KPg boundary extinction event does not feature prominently (Fig. 4) . It is worth noting that our hypothesis of placental diversification timing is not proposed on the basis of a single analysis under optimal criteria, but is consistent with 82% of all our IRM and ACRM analyses. Thus, our results do not depend on one specific dataset or analysis that we conducted, but were yielded by many analyses and datasets. We note that several nodes resulted in dating estimates under the optimal criteria that are seemingly in conflict with the fossil record (52) . For example, the dating estimates for the divergence between northern tree shrews and Chinese tree shrews and for the base of Cetacea penetrated beyond the minimum bounds suggested by fossils, thereby resulting in younger molecular clock divergences, a potential issue of "zombie lineages" (53) . Whether these outcomes are due to errors in clock methodology or the unreliability surrounding the fossil record is a topic for further study (54) .
A recently proposed "soft explosive model," proposed not on the basis of empirical data but on a literature review, posits that an unspecified but low number of placental orders originated before the KPg boundary, while most originated afterward (55) . This soft explosive model is evolutionarily different from our trans-KPg model in that it puts forth an explosive radiation, soft or otherwise, after the KPg boundary, in the same vein as the traditional explosive model. By contrast, the trans-KPg model envisages a steady diversification mode, with interordinal divergences in early placentals almost evenly spread on either side of the KPg boundary (Fig. 5A) , resulting in no signal of "explosion." The lack of any signal of extinction or diversification of the KPg catastrophe in our analysis accentuates the distinction between the soft explosive model and our trans-KPg model.
Ecology of Placental Diversification. The ordinal diversification of placentals in the Late Cretaceous and early Paleogene coincided with a genus-level radiation of multituberculates, a major clade of small Mesozoic mammals that also extended across the KPg boundary (56) (Fig. 1, Inset) . Multituberculates appear to have shifted toward increased generic diversity, body size, and herbivory, and their diversification may have been a delayed response to the increasing dominance of angiosperms in Late Cretaceous floras (56) . Most early placentals were likely insectivorous rather than herbivorous, but would have encountered new ecological opportunities as a result of the proliferation of insect herbivores and pollinators that undoubtedly accompanied the rise of angiosperms (57) . For the crown therian clade that includes metatherians and eutherians and their relatives, there is also a gradual rise in ecomorphological disparity at the genus level during the Late Cretaceous and through the KPg boundary 5), which is generally consistent with the short-fuse model. (56, 58) . This mirrors the diversification patterns of multituberculates, and the placental taxa (56, 58) .
The KPg extinction was evidently a less critical event in mammalian history than has sometimes been supposed: At least two major mammalian groups radiated across the boundary with little interruption (Fig. 1, Inset) . However, the intraordinal diversification of placental mammals appears to have been a Cenozoic phenomenon, consistent with the traditional view that mammals benefited from numerous vacant niches following the catastrophe (4). Molecular evidence from extant clades of placental mammals and paleontological evidence from multituberculates and nonplacental therians produce a coherent picture of mammalian diversification across the KPg boundary.
Materials and Methods
Estimation of Gene Trees. Maximum likelihood and bootstrap gene trees were estimated for CDS, C12, and C3, respectively. For each dataset, individual gene trees were estimated using the program PhyML (v3.0) (59) with its own bestfit substitution model selected by jModelTest (60, 61) . The bootstrap analysis was performed with 100 bootstrap replicates for each of the 4,388 genes.
Concatenation Analysis of Species Trees. We conducted maximum likelihood estimates of species trees using the program RAxML (v8.0.22) (32) for concatenated sequences of the C12, C3, and CDS datasets, respectively. The maximum likelihood analyses of species trees were bootstrapped for 100 replicates based on an unpartitioned GTRCAT model. Because of the enormous computational demands of our analyses, we used the GTRCAT model for maximum likelihood analyses of the concatenated sequences based on the developers' recommendations for massive datasets. GTRCAT approximation can effectively accelerate computations on datasets with >50 taxa.
Coalescent Analysis of Species Trees. We conducted coalescent analysis of species trees using two recently developed coalescent methods: STAR (29) and NJst (30) . For each dataset, the bootstrap gene trees were rooted by a single outgroup. Depending on presence or absence, the most remote outgroup taxon was chosen in the following order: zebrafish, stickleback, coelacanth, frog, lizard, and turtle. We then generated 100 bootstrap files for species tree estimation. The trees in the ith bootstrap file were the ith bootstrap trees across 4,388 genes. Thus, each bootstrap file contained 4,388 rooted bootstrap gene trees. For each bootstrap file of 4,388 rooted bootstrap gene trees, we estimated the species tree using STAR and NJst. We built a majority-rule consensus tree for 100 estimated species trees using PHYLIP v3.69 (62, 63) . Molecular Dating Analysis. We conducted Bayesian dating analyses using the program MCMCTree (34) as implemented in the PAML package (v4.8) (35, 36) . Dating analyses were performed using the C12 dataset on both the C12 STAR and concatenation trees.
For the dating analysis, we removed 364 genes from the 4,388-gene dataset because they were not available for either of the two outgroup taxa appearing in the species tree (zebrafish and stickleback). A further 157 genes were additionally removed from the dating analysis because the MCMCTree program was unable to process them without fatal interruptions. As a result, 3,867 genes were retained for dating analysis (Dataset S6).
We estimated branch lengths for each gene using PhyML (v3.0) (59) with the Hasegawa, Kishino, and Yano (HKY) + GAMMA model, because MCMCTree allows for the use of HKY but not the generalized timereversible (GTR) model. The average branch length of gene trees was used as a proxy of the overall mutation rate of each gene (9). In addition, estimated branch lengths were used to measure the DVMC for each gene. Considering a tree with N species, let x i be the distance between the root of the tree and the species i (tip i of the tree). We divided the 3,867 genes into five quintiles according to DVMC values, from the lowest to the highest. Each quintile comprises 773 or 774 genes, with the first quintile having the lowest DVMC values and the fifth quintile having the highest DVMC values. Given the large number of taxa and genes involved in dating analyses across different DVMC levels, the inclusion of all 773/ 774 loci from each quintile in MCMCTree runs was computationally intractable, because preliminary tests showed that a single MCMCTree run using 600 genes requires over a month to complete. Therefore, we resorted to a subsampling technique (39) in which we randomly drew 60, 100, and 200 genes from each quintile, and replicated this procedure three times for each of the three gene sets. As a result, a total of 45 subsets were analyzed in this study, with each quintile represented by nine subsets.
Further information on data collection, simulations, and fossil calibration points and additional details regarding molecular dating analyses are provided in SI Appendix, SI Materials and Methods.
